Traumatic axonal injury (TAI) is a consistent component of traumatic brain injury (TBI) and is
Introduction
Traumatic axonal injury (TAI) is now appreciated to be a significant component of traumatic brain injury (TBI) (Povlishock et al., 1983; Cordobés et al., 1986; Smith et al., 2003) and a major contributor to patient morbidity (Inglese et al., 2005; Povlishock and Katz, 2005; Lipton et al., 2008 Lipton et al., , 2009 . At present it is unknown whether this morbidity is the result of the axonal injury itself or the retrograde consequences for the sustaining neuronal somata and/or the resulting ongoing anterograde structural plasticity of the affected axon. Axonal injury resulting from direct transection or cortical contusion commonly results in neuronal death (Barron, 2004) , although our findings in the diffusely injured brain suggest otherwise (Singleton et al., 2002; . Furthermore, axonal injury can evoke spontaneous structural plasticity (Erb and Povlishock, 1991) , with the suggestion that in diffuse TBI this structural plasticity can be either adaptive or maladaptive, depending upon injury severity (Erb and Povlishock, 1991; Phillips and Reeves, 2001) . A limiting factor in these studies has been the inability to follow the specific spatiotemporal progression of TAI and to link the observed axonal injury to individual neuronal somatic change and/or anterograde axonal repair or plasticity.
To this end our laboratory has identified, within the neocortex following experimental diffuse TBI, the presence of TAI in close proximity to the sustaining neuronal cell bodies of origin, therefore allowing for the assessment of the somatic response to TAI (Singleton et al., 2002; Lifshitz et al., 2007) . Previous studies revealed that TAI, even in close proximity to the sustaining cell body, does not result in acute neuronal death (Singleton et al., 2002) but induces a transient and presumably protective activation of the unfolded protein response. This response occurs concomitantly with an increase in the length of the remaining proximal process (Singleton et al., 2002) , suggesting somatic recovery and axonal outgrowth. Given that TAI occurs in the diffusely injured brain within a relatively intact CNS microenvironment uncomplicated by contusion, robust inflammatory response, or significant astrocytic gliosis (Csuka et al., 2000; Singleton et al., 2002; Kelley et al., 2006) , we recognized that this provided an unprecedented opportunity to probe the long-term fate of these neurons and their potential for sustained, structural axonal plasticity.
To further facilitate these investigations, the current study used a novel mouse model of diffuse TBI and, via the use of a transgenic mouse strain (Thy1-YFP-H) (Feng et al., 2000) , we succeeded in the routine fluorescent microscopic identification of neurons sustaining TAI and in following the chronic fate of this axotomized neuronal population, which was not possible with our previous immunohistochemical approaches. Importantly, TAI within the neocortex induced persistent neuronal atrophy, not neuronal death, within the affected neuronal population and occurred concomitantly with the persistent activation of the transcription factor c-Jun, a known regulator of axonal plasticity (Raivich and Behrens, 2006) . Additionally within the same injured neuronal population, we found unprecedented morphological evidence for enduring spontaneous structural plasticity of injured axons following TAI as a consequence of diffuse TBI.
Materials and Methods

Breeding and genotyping of YFP-H transgenic mice
The Thy1-YFP-H line [B6Cg-TgN(Thy1-YFP-H)2Jrs, stock number 003782] was obtained from the Jackson Laboratory and maintained as heterozygotes. Inheritance of the fluorescent transgene was determined from an ear punch taken at weaning (ϳ21 d). Tissue was mounted on a glass slide and examined using a FITC filter on a Olympus DP71 digital camera (Olympus) where yellow fluorescent protein (YFP)-positive axons could easily be identified in animals carrying the YFP transgene. YFP expression in these mice is under the control of the neuronal-specific Thy1 promoter, resulting in YFP expression in within the neocortex that is primarily restricted to layer V pyramidal neurons (Feng et al., 2000) .
Surgical preparation and injury induction
The procedures by which mice were subjected to central fluid percussion injury (cFPI) were modified, with the appropriate scaling, from those previously described using rats (Dixon et al., 1987) . Briefly, 45 YFP-H mice weighing 20 -26 g were surgically prepared for the induction of cFPI. Each animal was anesthetized in an anesthesia chamber with 4% isoflurane in 100% O 2 . After induction, each animal's thigh was shaved for intraoperative physiological monitoring and placed in a stereotactic frame (David Kopf Instruments) fitted with a nose cone to maintain anesthesia with 1-2% isoflurane in 100% O 2 . A thermostatically controlled heating pad (Harvard Apparatus) was then placed under the animal and set to monitor the rectal temperature and, via feedback control, maintain the body temperature at 37°C during the surgery. Pulse rate, respiratory rate, and blood oxygenation were monitored intraoperatively via pulse oximetry using a thigh sensor (STARR Life Sciences) to ensure the maintenance of normal physiologic homeostasis with the exclusion of animals sustaining any physiological anomaly. A midline sagittal incision was made to expose the skull from bregma to lambda. The skull was cleaned and dried and a 3.0 mm circular craniotomy was then made along the sagittal suture midway between bregma and lambda, leaving the underlying dura intact. A sterile Leur-Loc syringe hub was then cut away from a 20 gauge needle and affixed to the craniotomy site using cyanoacrylate. Upon confirming the integrity of the seal between the hub and the skull, dental acrylic was then applied around the hub to provide stability during the induction of injury. After the dental acrylic hardened, the scalp was sutured around the hub, topical bacitracin and lidocaine ointment were applied to the incision site, and the animal was removed from anesthesia and monitored in a warmed cage until fully ambulatory (ϳ60 -90 min). For the induction of injury, each animal was reanesthetized with 4% isoflurane in 100% O 2 , and the male end of a spacing tube was inserted into the hub. The female end of the hub spacer assembly, filled with normal saline, was attached on to the male end of the fluid percussion apparatus (Custom Design and Fabrication; Virginia Commonwealth University; Richmond, VA). An injury of mild to moderate severity (1.7 Ϯ 0.04 atmospheres) was administered by releasing a pendulum onto a fluid-filled piston to induce a brief fluid pressure pulse upon the intact dura. The pressure pulse measured by the transducer was displayed on a storage oscilloscope (Tektronix 5111), and the peak pressure was recorded. After injury, the animals were visually monitored for recovery of spontaneous respiration. The hub and dental acrylic were removed en bloc, and the incision was rapidly sutured before recovery from anesthesia/unconsciousness. Topical bacitracin and lidocaine were then applied to the closed scalp incision. The duration of transient unconsciousness was determined by measuring the time it took each animal to recover the following reflexes: toe pinch, tail pinch, corneal blink, pinnal, and righting. After recovery of the righting reflex, animals were placed in a warmed holding cage to ensure the maintenance of normothermia and monitored during recovery before being returned to the vivarium. For animals receiving a sham injury, all of the above steps were followed with the exception of the release of the pendulum to induce the injury. To verify a significant injury effect, righting reflex recovery times were analyzed with a two-way ANOVA with a Tukey's honestly significant difference (HSD) post hoc analysis.
Tissue preparation for single and double label immunofluorescence
After injury, animals were allowed to recover for times ranging from 15 min to 28 d (sham, n ϭ 14; 15 min, n ϭ 3; 1 h, n ϭ 3; 1 d, n ϭ 12; 3 d, n ϭ 9; 7 d, n ϭ 8; 14 d, n ϭ 10; 28 d, n ϭ 8). At the predetermined survival times, mice were intraperitoneally injected with an overdose of sodium pentobarbital and then transcardially perfused with heparinized normal saline followed by 4% paraformaldehyde in Millonig's buffer. Several animals (n ϭ 4) were perfused with 4% paraformaldehyde/0.2% glutaraldehyde for optimal processing by electron microscopy. After perfusion, the occipital and parietal bones were removed and the brain and remaining skull were immersed in the perfu- sion fixative for 24 h at 4°C. Each brain was then removed from the skull and blocked coronally at the optic chiasm and the midbrain to include the parietal and temporal cortices, hippocampus, and thalamus. Blocked brains were flat mounted with cyanoacrylate and embedded in agar, and 40 m free-floating coronal serial tissue sections were cut using a vibratome (Leica VT1000S; Leica Microsystems). Sections were collected from Ϫ0.58 mm to Ϫ2.5 mm posterior to bregma (Paxinos and Franklin, 2003) for a total of 48 sections. The tissue was stored in Millonig's buffer in 24-well culture plates until further use (Falcon; BD Biosciences).
Single and double labeling immunofluorescence protocol
Primary antibodies used include polyclonal rabbit anti-APP (amyloid-␤ precursor protein) (C terminus) (1:700; Zymed Laboratories), polyclonal rabbit anti-phospho-c-Jun (Ser63) (1:100; Cell Signaling Technology), polyclonal rabbit anti-ATF-3 (activating transcription factor 3) (1:100; Santa Cruz Biotechnology), monoclonal mouse anti-NeuN (neuronal-specific nuclear protein) (1:500; clone A60; Millipore), monoclonal mouse anti-GFAP (glial fibrillary acidic protein) (1:500; clone G-A5; Sigma-Aldrich), and monoclonal mouse anti-APC (adenomatous polyposis coli; CC-1) (1:100; EMD Biosciences). Phospho-c-Jun antibodies were used to aid in the identification of neurons sustaining TAI and to assess the fate of their related proximal axonal segments at later time points, as elevated expression and activation, via phosphorylation, of c-Jun has been characterized following a variety of both PNS and CNS axonal injury paradigms (Hughes et al., 1999; Richardson et al., 2009) . General immunostaining protocols were as follows: endogenous peroxidase activity was blocked with 0.5% H 2 O 2 in PBS for 30 min. Following three 10 min rinses in PBS or Tris-buffered saline (TBS) (for antibodies targeting phosphorylated antigens), sections were then processed using a previously described protocol for temperature-controlled microwave antigen retrieval (Stone et al., 1999) . After microwave antigen retrieval, sections were preincubated for 2 h in 10% normal goat serum (NGS) with 1.5% Triton X-100 and 2% bovine serum albumin (BSA) in PBS (or TBS). When necessary, endogenous mouse IgG was blocked when using primary antibodies derived from a mouse host (Mouse on Mouse Kit, MOM; Vector Laboratories). The tissue was then incubated overnight in the primary antibody (or antibodies) in 10% NGS with 0.5% Triton X-100 and 2% BSA in PBS (or TBS). Following primary incubation, tissue sections were rinsed six times for 10 min each in 1% NGS with 0.2% Triton X-100 and 1% BSA in PBS (or TBS) and then incubated in the appropriate Alexa Fluor secondary antibody (Alexa 568, Alexa 594, and Alexa 633) (Invitrogen) diluted 1:200 in the above 1% NGS solution with care to avoid exposure to light. Following incubation in secondary antibody, tissue sections were rinsed in PBS (or TBS), mounted on gelatin-coated glass slides, and coverslipped using Vectashield HardSet mounting medium with 4Ј,6-diamidino-2-phenylindole (Vector Laboratories).
Electron microscopy immunolabeling protocol
Selected sections from animals killed at 1, 3, 7, 14, and 28 d after injury were subjected to further processing, using antibodies to YFP or phospho-c-Jun, for EM analysis to ascertain the effect of axonal injury on subcellular organization and to survey for any signs indicative of cellular fate. For tissue sections processed with antibodies targeting YFP, select sections were briefly wet mounted and coverslipped. Neurons displaying overt axonal pathology were identified and digital images (4ϫ and 10ϫ) were acquired to use following EM processing (see below, Electron microscopy) to aid in identifying the neurons of interest. Tissue sections were then postfixed by immersion in 4% paraformaldehyde/0.2% glutaraldehyde in Millonig's buffer for 1 h before immunolabeling. Sections were rinsed four times (10 min) in PBS (or TBS) and endogenous peroxidase activity was blocked with 0.5% H 2 O 2 in PBS (or TBS) for 30 min. Sections were then processed using the temperature-controlled microwave antigen retrieval approach described previously (Stone et al., 1999) . After microwave antigen retrieval, sections were preincubated for 1 h in 10% NGS with 0.2% Triton X-100 in PBS (or TBS). The tissue was then incubated overnight in a 1:100 dilution of the phospho-c-Jun antibody or a 1:7500 dilution of a rabbit polyclonal anti-green fluorescent protein (GFP) antibody (AB3080, Millipore), which also recognizes YFP. Sections were then incubated for 1 h in biotinylated goat anti-rabbit secondary antibody (IgG) (Vector Laboratories) and diluted at 1:200 in 1% NGS in PBS and then for 1 h in a 1:200 dilution of an avidin-horseradish peroxidase complex (ABC Standard Elite Kit, Vector Laboratories). The reaction product was visualized with 0.05% diaminobenzidine, 0.01% hydrogen peroxide, and 0.3% imidazole in 0.1 M phosphate buffer for 10 -20 min. Sections were rinsed and stored in buffer until further processing for EM.
TUNEL immunohistochemistry
To identify nuclear fragmentation within degenerating cells, tissue sections from selected injured and sham-injured animals surviving 1, 3, 7, 14, and 28 d were processed using a TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) kit (ApoTag Peroxidase In Situ Apoptosis Detection Kit; Millipore), according to the manufacturer's protocol. Sections were rinsed in PBS for 5 min and pretreated with 0.5% Triton X-100 (Sigma) for 10 min. Sections were treated with 3.0% H 2 O 2 for 5 min to quench endogenous peroxidase activity and washed twice for 5 min in PBS. The proprietary equilibration buffer was applied to the sections for 10 min, after which terminal deoxynucleotidyl transferase (TdT) was applied for 60 min while incubated in a humidified chamber at 37°C for 1 h. The slides were then immersed in the proprietary stop/ wash buffer for 10 min, and the sections were then incubated at room temperature in a humidified chamber for 45 min in the anti-digoxigenin peroxidase conjugate. After four 2 min rinses in PBS, the reaction product was developed with 0.05% diaminobenzidine (Sigma) and 0.01% H 2 O 2 in 0.1 M phosphate buffer for 10 min. After rinsing three times for 1 min in double-distilled H 2 O, sections were dehydrated and slides were coverslipped for routine light microscopic analysis. Coronal sections (40 m) from postnatal day (P) 4/5 YFP-H mouse pups and sham-injured tissue sections, pretreated with DNase, were used as positive controls, and omission of the TdT enzyme and/or anti-digoxigenin antibody was used to generate negative controls.
Routine fluorescent image acquisition and quantitative analyses
Quantitative analyses were performed on coronal sections corresponding to Ϫ0.58 mm to Ϫ2.5 mm posterior to bregma. A blinded investiga- tor performed all quantitative analyses. For quantitative APP and phospho-c-Jun studies, a random starting well was selected (wells 1-6) and eight coronal tissue sections from each case, each 240 m apart, were selected for immunolabeling by APP with adjacent sections used for immunolabeling by phospho-c-Jun. The remaining tissue sections were processed either for qualitative immunofluorescent or ultrastructural analysis. Quantitative fluorescent microscopic analyses and image acquisition were performed using a Nikon Eclipse 800 microscope fitted with an Olympus DP71 digital camera (Olympus) with the appropriate excitation/emission filters.
Quantification of the percentage of YFP ϩ neurons with overt axonal swellings. To determine the number of YFP neurons sustaining axotomy, one section per injured animal (corresponding to 2.22 mm posterior to bregma) at 1 d post-injury was selected for quantitative analysis. Quantification was restricted to YFP ϩ neurons within a neocortical region extending from a point delineated by the lateral extent of the hippocampus in one hemisphere to a point at the lateral extent of the hippocampus in the contralateral hemisphere. YFP ϩ neurons within layer V of this region were counted together with those YFP ϩ neurons revealing axonal swellings.
Quantification of APP expression within YFP ϩ swellings. To determine the extent to which the pathology evident in YFP ϩ axons correlates with a traditional marker of axonal injury, APP-immunostained sections from YFP ϩ mice killed at 1 d after injury were subjected to quantitative immunofluorescent microscopic analysis. Briefly, YFP ϩ swellings throughout the neocortex bilaterally were classified as one of the following: (1) proximal YFP ϩ swellings demonstrating unequivocal connectivity to their neuronal somata of origin; (2) distal YFP ϩ swellings located in or below layer VI; or (3) YFP ϩ swellings located within the subcortical white matter (corpus callosum and external capsule). Within each category, the number of YFP ϩ swellings colabeling with APP was determined and then evaluated for significance with a split-plot ANOVA followed by individual paired sample t tests with a Bonferroni correction for multiple comparisons.
Quantification of YFP ϩ neurons in layer V following injury. To determine whether cFPI induced YFP neuronal loss, the number of YFP neurons within the above-described APPimmunostained tissue sections was quantified. Low-power epifluorescent images (4ϫ) were captured and tiled together using Photoshop CS3 (Adobe Systems). Quantification and analyses of tiled images was conducted using the IPLab software package (BioVision Technologies). Images were converted to gray scale. Quantification was confined to a defined region of interest (1.0 mm ϫ 0.5 mm) centered over the mediodorsal neocortex. A cyan overlay (based upon predetermined image intensity threshold levels) was projected over the gray scale image, and a computer-automated count of the number of YFP ϩ cells was conducted employing an exclusion criteria based upon size (Ͼ50 and Ͻ300 m 2 ). The data were evaluated for significance with a two-way ANOVA with a least significant difference (LSD) post hoc analysis.
Quantification of YFP ϩ axotomized neurons with somatic expression of phospho-c-Jun. To determine the percentage of axotomized YFP ϩ neurons that also express phospho-c-Jun, coronal tissue sections from mice killed at 1 d and 3 d post-injury were subjected to quantitative fluorescent microscopic analysis. These time points were chosen because of the ease with which consistent axonal pathology could be identified within the YFP ϩ population. Briefly, two distinct YFP ϩ populations were identified: (1) neurons exhibiting proximal swellings, demonstrating unequivocal connectivity to their neuronal somata of origin; or (2) neurons maintaining intact axons, passing through the neocortical gray matter and into the underlying white matter while showing no morphological evidence of pathology (swelling or vacuolization). Following identification, each population was quantitatively assessed for expression of phospho-c-Jun. The data were evaluated for significance via a splitplot ANOVA followed by individual paired sample t tests with a Bonferroni correction for multiple comparisons. 
Quantification of somatic area of YFP
ϩ /phospho-c-jun ϩ neurons. To evaluate for atrophic change in the somata of axotomized neurons, phospho-c-Jun-labeled tissue sections from mice killed at 1, 3, 7, 14, and 28 d post-injury were subjected to quantitative fluorescent microscopic analysis. YFP ϩ /phospho-c-Jun ϩ cells within layer V were identified throughout the entire neocortex, and 40ϫ images were acquired of each neuron. The somata of YFP ϩ /phospho-c-Jun ϩ neurons were outlined, and the somatic area of each was measured (IPLab, BioVision Technologies). YFP ϩ /phospho-c-Jun-negative neurons from layer V in comparable regions in sham animals were used as controls. The data were evaluated for significance via a two-way ANOVA with a LSD post hoc analysis.
Quantification of the length of YFP ϩ /phospho-c-Jun ϩ axons. Utilizing the same images detailed above, the length of the remaining proximal processes of YFP ϩ /phospho-c-Jun ϩ neurons at each time point (1, 3, 7, 14, and 28 d post-injury) was measured (Photoshop CS3; Adobe) from the beginning of the axon hillock to the visualized axon termination, where continuity with the neuronal somata of origin was unequivocal. The data were evaluated for significance with a one-way ANOVA and a LSD post hoc analysis.
Assessment of injury-induced, generalized neocortical atrophy. To assess for any injury-induced generalized neocortical atrophy, two sections from each animal (corresponding to 1.58 and 2.22 mm caudal to bregma) from 1, 3, 7, 14, and 28 d post-injury were selected and the cortical thickness measured. For each tissue section measurements were made over the extent of the neocortex at a point dorsal to the lateral extent of the hippocampus, employing a line parallel to the YFP fibers in that region. The measurements were initiated at the neocortical surface and terminated at the ventral extent of the subcortical white matter (SCWM). Moving medially in 300 m steps, three more measurements of neocortical thickness were made in similar fashion. This was repeated in the opposite hemisphere and all the values were averaged for each Neurons were subsequently categorized based upon the morphology of their remaining proximal axonal processes into three distinct populations: (1) neurons with proximal processes showing clear axonal pathology in the form of axonal swellings and/or vacuolization; (2) neurons with axons that were truncated and terminated near the cell body of origin (Ͻ50 m) with no pathological swellings, often showing evidence for local sprouting; and (3) neurons with relatively long axons (Ͼ50 m) displaying no evidence of axonal pathology (no axonal swelling or vacuolization) and terminating within the gray matter below layer V. The populations were statistically analyzed for any significant change in the populations over time post-injury with a split-plot ANOVA with a LSD post hoc analysis. The number of truncated axonal segments displaying reactive sprouting, as evident by more than one process originating from the proximal stump, was quantified for each time point and the data analyzed for significant change over time with a one-way ANOVA with a LSD post hoc analysis.
Confocal microscopy and image deconvolution
Images of axotomized YFP ϩ neurons were acquired with a Leica TCS-SP2 AOBS confocal microscope (Leica Microsystems). Images presented are z-axis projections compiled using ImageJ (NIH). When capturing images of YFP ϩ swellings and/or putative growth cones, care was taken to select swellings/growth cones in the center of the tissue sections only, so as to avoid sectioning artifacts. A sequential scan was used to eliminate the potential for crosstalk between the YFP fluorophore and the Alexa Fluor dyes used for immunolabeling. Projection images were deconvolved using the IPLab software package (BioVision Technologies) with the in focus two-dimensional blind deconvolution algorithm. For threedimensional rendering, the Volocity software package (PerkinElmer) was used to reconstruct putative growth cones in three dimensions to verify their shape and characteristics.
Electron microscopy
Selected GFP-(or YFP-) and phospho-c-Jun-labeled cortical sections from animals killed at 3, 7, 14, and 28 d after injury were subjected to further processing for EM analysis to ascertain the effect of axonal injury on subcellular organization and to survey for any signs indicative of cellular fate. The tissue was osmicated, dehydrated, and flat embedded between plastic slides in Medcast resin (Ted Pella). The embedded slides were then scanned to identify axotomized YFP ϩ neurons previously identified at the fluorescent microscopic level or to identify phospho-cJun ϩ neurons within neocortical layer V. Once identified, these sites were removed, mounted on plastic studs, and thick sectioned to the depth of the immunoreactive sites of interest. One thick section cut before collection of the serial thin sections was retained and used to identify the location of labeled neurons of interest and their location relative to fiduciary markers within the tissue section to enable accurate identification when collecting images with the transmission electron microscope. Serial 70 nm sections were cut and picked up onto Formvar-coated slotted grids. The grids were then stained in 5% uranyl acetate in 50% methanol for 2 min and in 0.5% lead citrate for 1 min. Ultrastructural analysis was performed using a JEM-1230 transmission electron microscope (JEOL) equipped with an UltraScan 4000SP 4000 ϫ 4000 pixel CCD camera (Gatan).
Results
Mild to moderate cFPI in mice induced a transient behavioral suppression of the righting reflex in all injured animals of 7.5 Ϯ 0.3 min that was significantly longer than that of 3.3 Ϯ 0.1 min for shaminjured animals ( p Ͻ 0.05). Furthermore, no significant difference in righting reflex suppression was noted between injury groups ( p Ͼ 0.05), indicating that all groups received injuries of comparable severity. No hindlimb seizures were noted in any animals, though a transient apnea was observed in several animals following injury. This apneic episode was of short duration (Ͻ1 min) and resolved spontaneously without intervention. Of 53 injured mice used in the study, 48 survived the fluid percussion injury, resulting in a mortality rate of 9.4%, consistent with previous mortality rates for mild central fluid percussion injury in rats.
TAI in YFP-H mice following mild to moderate cFPI
Consistent with previous studies using the YFP-H transgenic strain of mice (Sugino et al., 2006; Carter et al., 2008; Li and Murphy, 2008) , YFP ϩ neurons in the neocortex of injured and sham-injured control animals were observed primarily within layer V, although isolated, scattered YFP ϩ neurons could also be observed within more superficial neocortical layers. Following sham-injury, no YFP ϩ axonal swellings indicative of axonal damage were observed in the neocortex or the underlying SCWM. Axons arising from YFP ϩ pyramidal neurons in shaminjured animals were continuous and of fine caliber and could be routinely followed from their neuronal cell body of origin in layer V into the underlying SCWM. Following injury, all tissue sections processed for YFP visualization as well as parallel immunohistochemical analyses revealed a pattern of macroscopic and microscopic change consistent with that routinely described in the rat cFPI model of mild to moderate severity (Dixon et al., 1987; Singleton et al., 2002) . The dorsal neocortex showed no evidence of contusion or cavitation. The brain parenchyma itself was devoid of overt hemorrhage, with only isolated petechial hemorrhages observed in the corpus callosum. Limited subarachnoid bleeding was found over the dorsal convexity incident to the site of injury; however, beyond this focus of subarachnoid hemorrhage there was no involvement of the subarachnoid compartment. At all survival times, the ventricular system maintained a normal appearance with no evidence of trauma-induced ventricular enlargement. Despite this preservation of brain parenchymal integrity typical of a mild diffuse TBI, the forces of injury consistently evoked YFP ϩ axonal swellings consistent with TAI over a specific temporal framework as detailed below. These axonal swellings were localized within the mediodorsal neocortex in layer V (Fig. 1 B, C,E, arrows) and scattered within the SCWM (see Fig. 3A , red arrowheads) where they were found adjacent to other intact axonal profiles. Quantitatively, within this region 4.8 Ϯ 0.7% of the YFP ϩ neurons (at 1 d post-injury) displayed axonal swellings. Many YFP ϩ axonal swellings were observed in direct continuity with their neuronal cell bodies of origin in neocortical layer V (Fig. 1 B, C,E) . Underscoring the diffuse nature of the injury, YFP ϩ neurons sustaining TAI and their related axonal swellings could be found interspersed among YFP ϩ neurons showing no morphological evidence of either primary axonal injury or retrograde neuronal involvement (Fig. 1 D) . Importantly, YFP ϩ neurons sustaining TAI were consistently identified within the same neocortical regions of all injured animals, indicating a generalized diffuse response to injury rather than an isolated focal event.
The axonal swellings noted above were observed as early as 15 min following injury, both in layer V of the neocortex (Fig. 2 A,  arrowhead) and scattered within the SCWM. At these early time points, many of these small (ϳ5 m) YFP ϩ swellings showed no evidence of disconnection and often consisted of an injured, multilobulated axonal segment with a proximal swelling (Fig. 2 A, B , arrowheads) in continuity with distal swelling (Fig. 2 A, B , arrows). By 1 d post-injury, however, the majority of proximal YFP ϩ swellings (those in continuity with the neuronal cell body of origin) had increased in size (ϳ20 m) and now demonstrated clear disconnection from the distal axonal segment (Fig. 2C, arrowhead) . Similarly, distal YFP ϩ axonal swellings capping the distally disconnected axonal segment could be identified between layer V and the SCWM. Similar to the proximal swellings, the distal swellings at 1 d post-injury had increased in size relative to earlier time points post-injury. Many of these distal swellings displayed a spatial regression whereby they were no longer found adjacent to the correlating proximal axonal swelling (Fig. 3A,  black arrowhead) . Rather, they were found approximating the SCWM, suggesting axonal dieback. By 2 d post-injury, the number of robust proximal axonal swellings was diminished, transitioning to more subtle axonal alterations reflected as smaller and more tapered swellings at the terminal end of proximal processes (Fig. 2G ) that persisted up to 7 d following injury (Fig. 2 I) . Assessment of the morphology of injured axons with a high degree of fidelity beyond 7 d post-injury, however, proved challenging without the use of other investigative tools. Beyond this time point, no overt evidence for pathological alteration within YFP ϩ axons could be readily detected. Although, when a somatic marker of axotomy was employed to aid in the identification (detailed below in Activation of c-Jun as a somatic marker of TAI) of this axotomized neuronal population, more subtle alterations were readily apparent. Despite the inability to identify alterations within proximal processes at later time points, many distal YFP ϩ swellings remained visible, scattered throughout the neocortex through 14 d post-injury (data not shown).
APP expression following cFPI and correlation to YFP-linked axonal changes
To determine the extent to which pathology evident from YFP expression in axons correlates with a known and routinely used marker of TAI, qualitative and quantitative immunohistochemical studies using antibodies against APP were performed. While detailed analyses of APP expression within injured YFP-H mice were restricted to the neocortex and underlying SCWM, scattered APP ϩ swellings were also observed in the dorsolateral thalamus and the dentate gyrus of the hippocampus following injury (Fig.  4 E, I ) consistent with the spatial distribution of APP swellings within gray matter observed in previous studies using a rat model of mild to moderate cFPI (Singleton et al., 2002; Kelley et al., 2006 Kelley et al., , 2007 Lifshitz et al., 2007) . Sections from sham-injured animals exhibited limited background APP staining within the gray matter of the neocortex, hippocampus, and thalamus. Within these areas, isolated neuronal somata immunoreactive for APP were observed, particularly within layers II-III. However, no APP ϩ axons were discerned in continuity with these immunoreactive somata, nor were APP ϩ swellings observed in the SCWM of sham-injured animals (data not shown).
At 15 min (Fig. 2 D) and 1 h (Fig. 2 E) post-injury, the small YFP ϩ proximal axonal swellings in layer V of the neocortex were consistently found to be immunoreactive for APP. In the YFP ϩ axonal swellings at these early time points post-injury, APP immunoreactivity was restricted to the evolving proximal swellings and did not appear in the intervening axonal segment between the swelling and the neuronal cell body of origin. In contrast to the proximal swellings (Fig. 2 D, E, arrowheads) , the distal swellings (Fig. 2 D, E, arrows) were consistently devoid of APP immunoreactivity. At 1 d post-injury the majority of YFP ϩ proximal swellings remained positive for APP immunoreactivity (Fig. 2 F) , while the enlarged distal swellings again revealed no APP immunoreactivity (see Fig. 3B, arrowhead) . Importantly, proximal axons demonstrating pathological alterations identified via YFP expression observed at 2 d (Fig. 2G, arrowhead) , 3 d (Fig. 2 H,  arrowhead) , and 7 d (Fig. 2 I, arrowhead) following injury were now devoid of APP immunoreactivity (Fig. 2 J, K,L arrowheads) , consistent with previous reports of a diminished number of APP ϩ swellings at these later time points post-injury (Singleton et al., 2002) . Additionally, this temporal loss of APP reactivity within the neocortex was mirrored within the hippocampus and thalamus (data not shown).
Quantitative assessment confirmed that the majority (89.7 Ϯ 1.3%) of proximal YFP ϩ swellings at 1 d following injury also exhibited APP immunoreactivity (Fig. 3) . In contrast to proximal swellings, only 3.1 Ϯ 1.5% of distal YFP ϩ swellings and 12.4 Ϯ 2.5% of SCWM YFP ϩ swellings exhibited APP immunoreactivity. This resulted in a statistically significant difference between the proximal and distal APP localization ( p Ͻ 0.001), the proximal and SCWM APP localization ( p Ͻ 0.001), and the distal and SCWM APP localization ( p Ͻ 0.01). Thus, while APP immunoreactivity revealed early YFP ϩ proximal swellings with a high degree of fidelity, it failed to label the majority of the distal and SCWM YFP ϩ swellings. As noted previously, YFP expression routinely revealed axonal alterations up to 7 d post-injury, yet it was not a consistent marker of the altered proximal axonal segments or their linkage to the neuronal cell body of origin beyond 7 d post-injury. Thus, to more rigorously follow these disconnected proximal axonal profiles while also assessing the fate of their cell bodies of origin, a parallel somatic marker of axonal injury was employed to enable the precise and consistent identification of this injured population at more chronic time points post-injury.
Activation of c-Jun as a somatic marker of TAI following cFPI
Following cFPI, phospho-c-Jun immunoreactivity was observed throughout the neocortex, dorsolateral thalamus (Fig. 4 J) and the hilus of the dentate gyrus of the hippocampus (Fig. 4 F) , regions previously demonstrated to sustain TAI following cFPI. Phospho-c-Jun expression in the injured neocortex was restricted primarily to layer V of the neocortex (Fig.  5 B , F, J, N,R) , with many cells exhibiting expression as late as 28 d post-injury (Fig.  5R) . Importantly, expression of phosphoc-Jun in the neocortex, hippocampus, and thalamus was absent throughout this time course in sham-injured animals (Fig.  5 D 
, H, L, P,T ). Phospho-c-Jun
ϩ cells routinely colabeled with the neuronal marker NeuN (Fig. 6 A-D) following injury, with only rare phospho-c-Jun cells colocalizing with a common oligodendrocytic marker, APC (CC1) (Fig. 6 E-H ) . No GFAP ϩ astrocytes labeling positive for phospho-cJun were observed within the neocortex (Fig. 6 I-L) .
To establish the precise relationship between c-Jun activation and TAI in our model, a quantitative analysis of c-Jun activation in axotomized YFP ϩ neurons was conducted at 1 and 3 d following injury. These time points were chosen due to the ease with which consistent axonal pathology could be identified within the YFP ϩ population. At 1 d following injury 84.9 Ϯ 4.0% of YFP ϩ neurons (Fig. 7A , red arrow) with axonal swellings (Fig. 7A, red arrowhead) expressed phospho-c-Jun (Fig. 7B, red arrow) , whereas only 2.5 Ϯ 1.1% of YFP ϩ neurons with intact, nonaxotomized axons (Fig. 7A , yellow arrowhead) expressed phospho-c-Jun (Fig. 7 A, B, yellow arrows) . Similarly, at 3 d post-injury 94.1 Ϯ 3.7% of axotomized YFP ϩ neurons expressed phospho-c-Jun (Fig. 7C,D, red arrows) , while only 0.9 Ϯ 0.5% of intact, nonaxotomized YFP ϩ neurons expressed phospho-c-Jun (Fig. 7C,D, yellow arrows) .
Collectively, these findings demonstrate a highly significant linkage between the presence of neuronal somatic c-Jun activation and the occurrence of TAI ( p Ͻ 0.001). Having identified c-Jun activation as a rigorous somatic marker of TAI following cFPI, as well as establishing the advantages of fluorescent-based methodologies for evaluating axonal morphology, we next evaluated the chronic retrograde, somatic changes occurring in the neuronal population sustaining TAI as well as the long-term fate of their proximal axonal segments.
Evidence for persistent TAI-induced neuronal atrophy, not neuronal death
To assess for chronic atrophic change within the axotomized YFP ϩ neuronal population that also expressed phospho-c-Jun following injury, the neuronal somatic area of YFP ϩ /phospho-cJun ϩ neurons was quantified. At 1 d post-injury there was no significant difference in the area of YFP ϩ /phospho-c-Jun ϩ somata compared to that of sham animals (Fig. 8 A) . However, a significant reduction in somatic area relative to that of sham animals was observed as early as 3 d post-injury, and this atrophy extended throughout the time course studied ( p Ͻ 0.01) (Fig.  8 A) . Additionally, this decline in somatic area revealed significant progression at the more chronic time points post-injury (7, 14, and 28 d) compared to the more acute time points of 1 and 3 d ( p Ͻ 0.05, p Ͻ 0.01, p Ͻ 0.01, respectively) (Fig. 8 A) . Importantly, these changes occurred without evidence of generalized neocortical atrophy as reflected by the fact that the neocortical thickness was unaltered within injured groups when compared to sham-injured controls (data not shown).
Given that these studies suggested atrophic change, parallel studies were also conducted to assess the potential for any injuryinduced loss of YFP-expressing neurons. These studies revealed no significant reduction in the number of YFP ϩ neurons in the mediodorsal neocortex (Fig. 8 F) following cFPI at any time point post-injury. This finding of a lack of TAI-induced reduction in YFP neuronal number was also validated by the use of TUNEL methodologies to identify nuclear fragmentation within any de- 
Qualitative ultrastructural analysis of axotomized, YFP
ϩ and phospho-c-Jun ϩ neurons A detailed ultrastructural analysis of YFP ϩ neurons displaying altered axonal morphology (as depicted in Fig. 2 ) was undertaken at 3 and 7 d post-injury. Following identification of YFP ϩ neurons displaying altered axonal morphology at the fluorescent microscopic level, tissue sections were immunostained using an antibody against YFP and processed for EM. Axotomized YFP ϩ neurons examined at both 3 and 7 d post-injury via electron microscopy showed consistent evidence of reactive change, with degranulation of the rough endoplasmic reticulum (RER) and dispersion of the endoplasmic reticulum and polysomes. Within this population no evidence for mitochondrial damage was found, and the cytoskeleton appeared normal. Importantly, no evidence of apoptosis or necrosis, reflected in a lack of chromatin condensation, apoptotic bodies, or mitochondrial damage and membrane disruption, was observed within axotomized YFP ϩ neurons (data not shown). Ultrastructural analysis of phospho-cJun ϩ neurons was undertaken to identify the ultrastructural changes occurring within this population at later time points post-injury (7, 14, and 28 d). Again, throughout this time period phospho-cJun ϩ neurons could easily be identified by punctate immunoreactivity, which was restricted to the nucleus (Fig. 9) . Examination of phospho-c-Jun-negative neurons within layer V at all time points revealed neuronal somata with centrally located nuclei, well organized arrays of RER, and compact mitochondria, consistent with findings in the uninjured neocortex described previously (Peters et al., 1991) . At 7, 14, and 28 d post-injury, phospho-c-Jun ϩ neurons did not manifest overt structural change and displayed an intact cytoskeleton and intact mitochondria. However, comparable to those observations made at 3 and 7 d postinjury within axotomized YFP ϩ neurons, the phospho-c-Jun ϩ neurons assessed throughout the three chronic time points post-injury consistently displayed alterations in the endoplasmic reticulum and polysomes, with dispersal and degranulation of the RER and disaggregation of polysomes. Additionally, at these later time points many phospho-c-Jun ϩ neurons post-injury contained accumulated lysosomal debris and lipofuscin content (Fig.  9 A, B, white arrows) . Furthermore, the nuclei of a subset of phospho-c-Jun ϩ neurons at 28 d post-injury contained giant fibrillar centers (Fig. 9C, asterisk) , a nucleolar morphological alteration associated with increased ribosome biogenesis (Casafont 
et al., 2007). Comparable to YFP
ϩ axotomized neurons, no phospho-c-Jun ϩ neurons examined exhibited ultrastructural evidence of apoptosis or necrosis.
Expression of ATF-3 Following cFPI
In concert with the above, the expression of ATF-3, also suggested to play a role in axon regeneration (Campbell et al., 2005; Seijffers et al., 2006 Seijffers et al., , 2007 Reid et al., 2010) , was elevated following cFPI. Similar to the time course of c-Jun activation, although slightly delayed, isolated ATF-3-expressing neurons were observed within layer V at 1 d post-injury and this expression was elevated at 3 and 7 d post-injury (Fig.  10) . Beyond this time point, expression levels fell to those seen in sham-injured animals. Similar to c-Jun activation, ATF-3 expression colocalized to axotomized YFP ϩ neurons within layer V at all time points following injury (Fig. 10B) .
Fate of the proximal axonal segment: implications for axonal regeneration
Having demonstrated persistent atrophic changes following TAI without evidence of neuronal death, we next investigated those changes ongoing in the proximal axonal segments linked to these neuronal somata. While many YFP ϩ /phospho-cJun ϩ axons at 1 d following injury formed robust swellings (as described previously, see Fig. 2 ), a subpopulation of neurons failed to do so. In this population of axotomized neurons, the disconnected proximal axon segments were truncated within 50 m of the neuronal cell body, with many displaying evidence of postinjury reactive sprouting (Fig. 11C,F, arrowheads) . When quantified, both types of axon morphologies, swollen and truncated, constituted roughly the same percentage of YFP ϩ /phospho-cJun ϩ axonal profiles, 39.1 and 42.0%, respectively (Fig. 13A) . In addition to these two axon morphologies, the remaining axonal profiles of YFP ϩ /phospho-c-Jun ϩ neurons (18.8%) were neither swollen nor truncated, and these axons were observed to extend from 50 to 350 m to terminate within the gray matter underlying layer V. Over the 28 d observation period, the overall percentage of neurons displaying the truncated axonal morphology did not change significantly, still approximating 40% of the axons of the YFP ϩ /phospho-c-Jun ϩ neuronal population (Fig. 13A) . At 1 and 3 d post-injury, 20.8 Ϯ 1.7 and 25.6 Ϯ 6.4%, respectively, of the truncated axons displayed evidence for local sprouting. At later time points the percentage of truncated axons showing evidence of local sprouting was significantly decreased to 5.6 Ϯ 23, 3.7 Ϯ 2.3, and 4.9 Ϯ 2.2% ( p Ͻ 0.01) at 7, 14, and 28 d, respectively.
While, as noted above, there was no change in the percentage of truncated axons with respect to time post-injury, the percentage of swollen axons and those displaying nonswollen, extended axonal profiles changed significantly with respect to time postinjury (Fig. 13A) . Specifically, the percentage of swollen axons was significantly reduced to 31.0% ( p Ͻ 0.05) by 3 d post-injury with a further significant reduction to 9.1, 3.9, and 2.6% ( p Ͻ 0.001) at 7, 14, and 28 d post-injury, respectively. Accompanying this decrease in swollen axons, the percentage of nonswollen axons extending into the gray matter was significantly increased with time following injury. Beginning at 3 d post-injury, the percentage of axons with this morphology was significantly increased to 33.5% ( p Ͻ 0.05, relative to 1 d post-injury). This trend continued with a further significant increase relative to both 1 and 3 d post-injury to 50.4% at 7 d ( p Ͻ 0.01). At 14 and 28 d the population with this extended axonal morphology increased even further to 64.6 and 59.7%, respectively ( p Ͻ 0.01).
Following confocal image analysis with image deconvolution, we observed that many of the axons demonstrating this third axon morphology consisted of long, thin axonal profiles, often with several small dilations along their length (Fig. 12 B, F ,J, arrowheads) capped by small, torpedo-shaped endings (ϳ10 m in length) (Fig. 12 B, F,J, arrows) . Several of the longest proximal axonal processes of YFP ϩ /phospho-c-Jun ϩ neurons were observed to traverse the gray matter and terminate in small club-like appendages in the vicinity of the SCWM (Fig. 12 J) , yet never enter the SCWM. Quantitatively, no YFP ϩ /phospho-c-Jun ϩ neurons (of 1230 analyzed at 7, 14, and 28 d post-injury) revealed proximal axonal projections that traversed the gray matter and continued into the SCWM. Importantly, the axons of YFP ϩ / phospho-c-Jun-negative neurons within both injured and sham- injured animals demonstrated no evidence of this axonal morphology, and in the majority of cases their axonal projections were observed to traverse the gray matter to enter the SCWM (Fig. 12 A) .
Proximal axonal segments significantly lengthen over time post-injury
Concurrent with the shift in axon morphology beginning at 3 d post-injury, a significant increase in the length of the proximal process, regardless of morphology, was observed ( 
Discussion
The results of this communication demonstrate the utility of a YFP-expressing transgenic mouse model of TBI in providing exquisite insight into the pathogenesis of TAI and its implications for the related neuronal cell body of origin and the axotomized axonal process. The demonstration of axonal swelling and disconnection occurring adjacent to intact, unaltered axons is consistent with the phenomenon of diffuse axonal injury described previously in both animals and humans (Povlishock et al., 1983; Adams et al., 1989; Smith et al., 2003) . Of note in the current communication was the use of YFP-expressing mice interfaced with other approaches to follow this neuronal population over a prolonged posttraumatic course, therein demonstrating that axotomized neurons consistently undergo atrophy without evidence of cell death. Equally important is the fact that these same atrophic neurons demonstrate elongation of their disconnected, proximal axonal segments over time (1-28 d), manifesting features consistent with regeneration and reorganization. Together, these studies provide unprecedented insight into the neuronal response most likely occurring with diffuse TBI in both animals and humans. Via these approaches, we dismiss the potential for traumatic neuronal cell death while also emphasizing the potential for dynamic posttraumatic reorganization and repair.
While the novel animal model system introduced in the current study allows for the critical evaluation of traumatic axonal injury, it more importantly permits the assessment of the fate of the neuronal cell body related to the axotomized process as well as the long-term outcome for the axotomized appendage itself in terms of any potential regeneration and repair. Most striking was our consistent finding that the generation of diffuse axotomy, even in close proximity to the cell body of origin, never resulted in neuronal cell death. Rather, it resulted in long-term neuronal atrophy that persisted over a 28 d period. The evidence supporting atrophy versus neuronal cell death is compelling and derives from multiple endpoints. The routine quantification of the YFP ϩ neurons failed to demonstrate reduced neuronal number over time. Similarly, the use of TUNEL approaches did not reveal any immunoreactive change associated with neuronal death. Furthermore, parallel ultrastructural analyses (discussed below), did not reveal any morphological evidence of necrosis or apoptosis. Rather, atrophic change was consistently identified and was again confirmed by multiple tools. Measurements of YFP ϩ /phosphoc-Jun ϩ neuronal size revealed a reduction in cellular area over time. In addition, parallel ultrastructural analyses of axotomized YFP ϩ neurons confirmed that this cell shrinkage was associated with the loss of RER, consistent with ongoing chromatolytic/ atrophic alteration (Barron et al., 1975; Barron and Dentinger, 1979; Kreutzberg, 1995) . Whereas our previous studies suggested axotomy-mediated atrophic change, their linkage to the actual process of axotomy was indirect . The current communication clearly confirms and extends these findings.
Although all approaches used in the study were complementary, perhaps one of the most useful approaches was linked to the finding that axotomized YFP ϩ neurons concomitantly exhibited phosphorylation of c-Jun. Importantly, these phospho-c-Jun ϩ neurons could also be easily followed over time, providing confirmation that the YFP ϩ /phospho-c-Jun ϩ neurons consistently revealed atrophic change. Specifically, the ultrastructural analysis of phospho-c-Jun-labeled neurons always revealed evidence of persistent atrophy reflected in decreased cell body size and the dispersion of the RER, together with the accumulation of lysosomal debris and lipofuscin content. Furthermore, the consistent finding of these atrophic phospho-c-Jun ϩ neurons adjacent to nonimmunoreactive neurons displaying normal ultrastructural detail provided further support for the premise that phosphorylated c-Jun immunohistochemistry mapped exclusively to axotomized neurons.
In contrast to our finding of TAI-mediated neuronal atrophy, primary axonal transection in the CNS in close proximity to the cell body has been traditionally associated with neuronal death (Giehl and Tetzlaff, 1996; Giehl et al., 1997; Bonatz et al., 2000) , while atrophy has been associated with more distal lesions (Barron and Dentinger, 1979; Barron et al., 1988; McBride et al., 1989; Merline and Kalil, 1990; Tang et al., 2004; Carter et al., 2008) . This unique atrophic response to nearby axotomy underscores a key distinction between direct mechanical transection, used in most experimental paradigms of injury, and the secondary axotomy of TAI (Povlishock and Christman, 1995; Büki and Povlishock, 2006 ) wherein injured axons reveal focal changes in axolemmal permeability that lead to progressive axonal swelling and disconnection (Povlishock, 1992; Maxwell et al., 1997) . This differs from mechanical transection, which causes massive focal disruption of ionic homeostasis (Mandolesi et al., 2004 ) that then initiates neuronal death (Weber, 2004) . It is likely that the slow, progressive pathological changes associated with TAI reduce the degree of ionic disruption, allowing for neuronal survival, although it does entail atrophic change.
Not only does our investigation support the premise of persistent neuronal atrophy following TAI, but it also demonstrates that these same neurons can mount a regenerative attempt. Noteworthy is the fact that these same atrophic neurons revealed the activation of the c-Jun pathway, which has been suggested to promote axonal regeneration in neurons surviving axotomy (Broude et al., 1997; Raivich et al., 2004 , Raivich, 2008 . Following cFPI, a significant association between TAI and the phosphorylation of c-Jun was observed with phospho-c-Jun immunoreactivity localized to neurons within anatomical regions that also demonstrated axonal injury following cFPI. At 1 and 3 d post-injury the overwhelming majority of axotomized YFP ϩ neurons were also phospho-c-Jun ϩ , and this expression was maintained through 28 d following injury, consistent with other reports of persistent, axotomy-induced c-Jun activation in the CNS (Brecht et al., 1995; Herdegen et al., 1998; Kenney and Kocsis, 1998) . Paradoxically, activation of c-Jun has also been associated with both axon regeneration as well as neuronal death (Herdegen et al., 1997; Ham et al., 2000; Raivich and Makwana, 2007; Raivich, 2008) . Genetic deletion of c-Jun is neuroprotective but diminishes the axon regenerative potential for surviving neurons (Raivich et al., 2004) . Importantly, in the current study ATF-3, another transcription factor linked to axon regeneration, was elevated within axotomized neurons following injury, consistent with its potential role in determining neuronal fate following c-Jun activation (Nakagomi et al., 2003) . In our study, c-Jun and ATF-3 activation occurred in the absence of neuronal death, suggesting the activation of a somatic program targeting neuronal recovery and/or axon regeneration.
Perhaps the most intriguing and unique finding of the current communication resides in the fact that these atrophic neurons could mount a complex and enduring regenerative response. Evidence for reactive sprouting was seen as early as 1 d following cFPI and is in line with previous reports of axonal regeneration/ sprouting in other experimental models of TBI (Emery et al., 2000; Harris et al., 2010) . However, these models generate cortical contusions, with neuronal loss and reactive astrogliosis (Lighthall, 1988; McIntosh et al., 1989) . As these phenomena are absent following mild to moderate cFPI (Dixon et al., 1987 (Dixon et al., , 1988 Kelley et al., 2007) , this may result in a more permissive microenvironment for axon growth (Gervasi et al., 2008) . While inhibitory proteoglycans can inhibit axonal plasticity beyond 2 weeks post-injury following contusional brain injury (Harris et al., 2009 (Harris et al., , 2010 , the current study presents morphological evidence for early and sustained axonal plasticity following diffuse TBI. Sprouting from truncated axons decreased beyond 3 d postinjury, and concurrent with this decline in sprouting the average length of all YFP ϩ /phospho-c-Jun ϩ axons increased significantly. Furthermore, in relation to this issue a significant shift in the axon morphology occurred between 3 and 7 d post-injury, when axons with swellings decreased significantly while nonswollen, extended axons increased significantly. This population, largely present at later survival times, was often found to terminate in small torpedo-shaped endings reminiscent of in vivo growth cones (Li et al., 1998; Iseda et al., 2003; Pan et al., 2003; Dray et al., 2009) , suggesting a transition within axotomized neurons from early sprouting to later axonal elongation. Of note was the parallel observation that in contrast to those fibers originating from neighboring phospho-c-Jun-negative neurons, no YFP ϩ / phospho-c-Jun ϩ axons, even those with the most elongated processes, penetrated the SCWM, suggesting that although these neurons mounted a regenerative attempt this anatomical boundary impeded further growth. Inhibitory proteins present in intact fibers (Huber et al., 2002) have been suggested to inhibit branching and maintain proper fiber orientation within uninjured white matter tracts (Raisman, 2004; Crutcher, 1999, 2001 ) and may function following diffuse TBI to limit further axon growth from these axotomized neurons.
In summary, the current communication reports a novel mouse model of diffuse TAI that will enable future therapeutic and genetically based studies to further probe the mechanisms underlying TAI and any associated regenerative response. Additionally, the current observation that proximal axotomy, in the context of TAI, results in persistent neuronal atrophy with a regenerative response provides, in our estimation, a unique model system that can be exploited in future studies to better understand the brain's ability to undergo repair following TBI. Such future studies may allow us to test whether this regenerative response is adaptive or maladaptive in nature.
